The capability to overcome Kirchhoff's law of thermal radiation provides new opportunities in energy harvesting and thermal radiation control. Previously, design towards demonstrating such capability requires a magnetic field of 3 T, which is difficult to achieve in practice. In this work, we propose a nanophotonic design that can achieve such capability with a far more modest magnetic field of 0.3 Tesla, a level that can be achieved with permanent magnets. Our design uses guided resonance in low-loss dielectric gratings sitting on a magneto-optical material, which provides significant enhancement on the sensitivity to the external magnetic field.
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The vast majority of thermal emitters obey Kirchhoff 's law, which states that, for a given frequency and direction, spectral-directional emissivity ε is equal to spectral-directional absorptivity α for both transverse electric and transverse magnetic (TM) polarizations [1] [2] [3] [4] [5] . Kirchhoff 's law is a consequence of the Lorentz reciprocity theorem of Maxwell's equations [6, 7] . For nonreciprocal emitters, for example, emitters containing magneto-optical materials that are described by asymmetric dielectric tensors, Kirchhoff 's law no longer holds, and spectraldirectional emissivity and absorptivity can be different [8] [9] [10] [11] . Nonreciprocal thermal emitters provide new capabilities for managing photon heat flow and can be used to fundamentally improve the efficiency of energy harvesting systems [12] [13] [14] [15] [16] .
Despite their significant potential in applications, there have not been many designs of nonreciprocal thermal emitters. Recently, Zhu and Fan [9] proposed a design using a photonic crystal made of magneto-optical materials (InAs) [ Fig. 1(b) ]. This design can achieve near-complete violation of Kirchhoff's law, i.e., the difference between the emissivity and absorptivity at a given frequency and direction can reach near unity. However, due to the weak magnetic response of the materials in the infrared range, the structure requires a magnetic field with strength of 3 T. Such a strong magnetic field typically requires electromagnets with superconducting coils [17] . For practical applications, it would be much more attractive if the required magnetic field can be significantly reduced.
In this Letter, we propose a nanophotonic design of thermal emitters [ Fig. 1 (a)] that can achieve near-complete violation of Kirchhoff 's law but only requires magnetic fields on the order of 0.1 T. Such a magnetic field can be achieved with permanent magnets such as neodymium magnets [17] . Instead of using InAs as the photonic crystal material, our design uses a photonic crystal made of a low-loss dielectric material, electromagnetically coupled with an InAs film that provides the nonreciprocal effect. The whole structure, therefore, can support narrow-bandwidth nonreciprocal waveguide resonances that are very sensitive to the change of the external magnetic field.
Both designs in Fig. 1 are grating structures that possess a periodic array of strips with the periodicity along the x direction. The period is Λ, and the width of the strips is w. The values of all geometrical parameters are provided in the figure caption. In these designs, reciprocity is broken using the magneto-optical response of InAs. Consider TM polarization with an electric field in the x-y plane. In Voigt geometry [18, 19] , an external magnetic field (blue arrow the figure) is applied in the z direction. The permittivity tensor of InAs in the presence of such a B field is [9, 20] ε xx ε xy 0 ε yx ε yy 0 0 0 ε zz
where
In Eqs. (2)-(4), ε ∞ 12.37 is the high-frequency permittivity, Γ is the relaxation rate, ω p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi n e e 2 ∕m ε 0 p is the plasma frequency, and ω c eB∕m is the cyclotron frequency. Here, n e is the free electron carrier density, m is the effective electron mass, B is the external magnetic field, and ε 0 is the vacuum permittivity. In this work, we assume n e 7.8 × 10 17 cm −3 and m 0.033m e (m e is the electron mass), and a constant relaxation rate Γ 1.55 × 10 11 rad∕s given by the model provided in Ref. [9] for the wavelength range considered in this work. This doping level is much higher than the intrinsic carrier concentration, even at elevated temperatures. Thus, we expect the Drude model to hold true for high temperatures as well. The effect of Landau-level quantization is not significant since at room temperature T , which is the focus of this study, k B T ≫ ℏω c [21] . From Eq. (3), reciprocity is broken since ε xy ≠ ε yx . The magneto-optical effect of InAs becomes stronger when the ratio between the off-diagonal component and the diagonal component, i.e., jε xy j∕jε xx j, becomes larger [22] . Both structures in Fig. 1 use Al as the substrate. The permittivity of Al is described by a Drude model that is identical to the form given in Eq. (4), with parameters [23] ε ∞ 1, ω p 2.24 × 10 16 rad∕s, and Γ 1.24 × 10 14 rad∕s. The substrate is optically thick.
For the structures in Fig. 1 , with a proper choice of periodicity Λ, there is only specular reflection in the wavelength range of interest. Incoming waves from a channel in air with an angle of incidence θ will be either absorbed by the structure, resulting in an absorptivity α θ , or reflected to the complementary channel in the −θ direction, resulting in the reflectivity R θ . From energy conservation, α θ 1 − R θ . The emissivity ε θ to the channel θ, on the other hand, is related to the reflectivity in the complementary channel by ε θ 1 − R −θ , as can be derived using the thermodynamic argument detailed in Ref. [9] . For nonreciprocal structures, R θ ≠ R −θ [24] [25] [26] ; thus, α θ ≠ ε θ , and Kirchhoff 's law is violated. The thermodynamic consideration above also allows us to determine the absorptivity and emissivity from reflectivity calculations.
From the discussion above, to achieve a strong violation of Kirchhoff 's law, one needs to maximize the contrast between R θ and R −θ . In the design of Ref. [9] [ Fig. 1(b) ], this is achieved by exploiting guided resonance in the InAs layer. A uniform InAs layer supports the guided mode. In the presence of the grating, some of the guided mode can coupled to free space radiation to create guided resonance [27] . With the proper choice of grating parameters, the guided mode can be critically coupled to an incident wave and results in perfect absorption and emission. For the structure in Fig. 1(b) , in the absence of the magnetic field, the grating was designed to critically couple to the plane wave from the direction in θ 61.28°at ω 11.8 × 10 13 rad∕s (15.96 μm). In the presence of the magnetic field, the band structure of the guided resonance is no longer symmetric, i.e., ωk x ≠ ω−k x , where k x is the wavevector along the x direction. Since incident waves from channels θ and −θ couple to resonance at k x and −k x , respectively, the asymmetry in the band structure results in R θ ≠ R −θ . Hence, we observe the difference between the emissivity and absorptivity, as shown in Fig. 1(b) . At the emissivity peak, the difference between the absorptivity and emissivity reaches about 0.95, indicating a near-complete violation of Kirchhoff 's law. However, because InAs is lossy in the designed frequency range (ε xx 6.9 0.1i at the resonance frequency), the quality (Q) factor of the guided resonance, as measured by the ratio between the resonant frequency and resonant linewidth in the emissivity or absorptivity spectra, is about 76, which is relatively modest. Thus, the applied magnetic field must be sufficiently strong (i.e., B 3 T in order to achieve ε xy ≈ 0.75i at the resonance frequency) such that the resonance peaks in the absorptivity and the emissivity can be separated from one another. We note that the maximum value of difference between emissivity and absorptivity in the wavelength range considered here is linearly dependent on the magnitude of the B field on the small-B limit. Therefore, to quantify the dependence of the strength of Kirchhoff 's law violation on the magnetic field, we define sensitivity as
A larger ξ indicates a stronger violation of Kirchhoff 's law for a given magnetic field. For the emitter discussed above, the maximum value of ξ is about 0.31∕T . In order to reduce the required magnetic field, it is therefore important to create a guided resonance with a higher Q factor, while maintaining the strength of the magneto-optical effects on the guided resonance. In our design in Fig. 1(a) , we consider instead a SiC grating on top of a uniform InAs film. The permittivity of SiC can be described by a Lorentz model [5] , ε SiC ε ∞,SiC 1 ω 2 frequency ω 0 7.50 × 10 13 rad∕s, SiC has very low material loss (ε SiC 11.13 0.018i). With the appropriate choice of the grating parameters, the structure can support a critically coupled resonance near ω 0 for incident light with θ 65°. This resonance possesses a Q factor of 312, which is significantly higher as compared to the structure in Fig. 1(b) . While in this structure, the field is concentrated in the SiC layer; since the InAs layer is immediately adjacent, there are significant field components inside the InAs layer. In addition, near ω 0 the real part of ε xx for InAs crosses zero, and the magneto-optical effect is further enhanced [28] since the strength of the magneto-optical effect is related to jε xy j∕jε xx j. Combining the effects of increasing Q and enhancing the magneto-optical effect, in our design of Fig. 1(a) , with a modest field B 0.3 T, the emissivity and absorptivity peaks have very little overlap, and we obtain a frequency region between the peaks with near-complete violation of Kirchhoff 's law, as shown in Fig. 1(a) . The applied magnetic field of 0.3 T is within the range that can be achieved with permanent magnets. For example, neodymium magnets can create a magnetic field up to about 1 T [17] . The maximum value of ξ reaches 3.1/T, which is one order of magnitude higher than that of the emitter in Fig. 1(b) . In Fig. 2 we show the x component of the electric fields at the frequencies ω e 7.50 × 10 13 rad∕s (25.11 μm) and ω a 7.56 × 10 13 rad∕s (24.92 μm). These two frequencies correspond to the emissivity or absorptivity peaks in Fig. 1(a) for light emitting to or incident from the channel at θ 65°. For both frequencies, we plot field patterns as excited by light with angles of incidence of θ 65°. We use the finitedifference frequency-domain technique with the total-field scattered-field formalism. The dashed lines indicate the position of the line source used to excite the incident wave. The field pattern above the dashed line contains only the reflected field. At ω ω e , for θ 65° [Fig. 2(a) ], the incident wave does not significantly excite a guided resonance, and instead most of the incident power is reflected, resulting in a low absorptivity. In contrast, at the same frequency, when the incident wave is illuminated from θ −65°[ Fig. 2(b) ], the incident wave is strongly coupled to the guided resonance, and the reflection is almost completely absent. The contrast between Figs. 2(a) and 2(b) in the reflection is related to the strong emissivity peak to the channel at θ 65°. On the other hand, at ω ω a , the incidence wave from θ 65°is strongly coupled to the guided resonance and is totally absorbed [Fig. 2(c) ], consistent with the presence of the absorptivity peak at this frequency. The incident wave from θ −65°is strongly reflected. The field patterns here provide visualization that the guided resonance has an asymmetrical dispersion relation ωk x ≠ ω−k x , which underlies the violation of Kirchhoff 's law.
The nonreciprocal behavior of the guided resonance dispersion relation for the proposed structure in Fig. 1(a) can be quantitatively understood by first considering the dispersion relation ωk x of the fundamental guided mode of a corresponding uniform SiC slab atop a semi-infinite InAs region, which can be obtained by solving [29] , and k y,InAs ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi k 2 x − ω∕c 2 ∕ξ xx p are the y components of the wavevectors in the air, SiC, and InAs regions, respectively. When B ≠ 0 and hence ξ yx ≠ 0, Eq. (6) indicates that ωk x ≠ ω−k x . When the grating is introduced, part of the dispersion relation gets folded above the light line, resulting in the creation of guided resonance [27] . As an illustration, we plot the absorptivity as a function of frequency and angle of incidence with and without the B field in Figs Fig. 3(b) ], the band at θ < 0°shifts downward, and the band at θ > 0°shifts upward, as compared to the bands in Fig. 3(a) . As a result, in the frequency range from 7.45 × 10 13 rad∕s to 7.5 × 10 13 rad∕s, the guided resonance exists only for θ < 0°. The violation of Kirchhoff 's law is particularly strong in this frequency range. Meanwhile, in this frequency range, the The degree for which Kirchhoff 's law is violated depends on the strength of the magnetic field. Figure 4 shows the emissivity and absorptivity spectra under different B fields at θ 65°. The emissivity and absorptivity peaks become more separated as the B field increases. At B 0.1 T, the separation between the absorptivity and emissivity peaks starts to exceed the linewidth of the peaks. Thus, one can observe strong violation of Kirchhoff 's law, even for a magnetic field as low as 0.1 T in our structure. The results here also indicate that the use of the magnetic field can provide a mechanism to tune thermal emissivity. To achieve a given contrast in the absorptivity and emissivity, the required magnetic field can be further reduced with the use of a resonance with a higher Q factor, or by considering coupled resonances. The separation between the frequencies of absorptivity and emissivity peaks increase with the magnetic field. In our structure, the separation saturates at a magnetic field above 1 T, due to the permittivity changes as the frequency shifts.
In conclusion, we propose a photonic crystal design that can achieve near-complete violation of Kirchhoff 's law with magnetic field strengths weak enough to be obtained from permanent magnets. The violation of Kirchhoff 's law persists over a wide angular range and can be tuned with the applied magnetic field. Our design may pave the way to constructing nonreciprocal thermal emitters of practical interests.
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